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TRPL+4+K: THICK-RESTART PRECONDITIONED LANCZOS+K
METHOD FOR LARGE SYMMETRIC EIGENVALUE PROBLEMS*

LINGFEI WU', FEI XUEf, AND ANDREAS STATHOPOULOS'

Abstract. The Lanczos method is one of the standard approaches for computing a few eigenpairs
of a large, sparse, symmetric matrix. It is typically used with restarting to avoid unbounded growth
of memory and computational requirements. Thick-restart Lanczos is a popular restarted variant
because of its simplicity and numerical robustness. However, convergence can be slow for highly
clustered eigenvalues so more effective restarting techniques and the use of preconditioning is needed.
In this paper, we present a thick-restart preconditioned Lanczos method, TRPL+K, that combines
the power of locally optimal restarting (+K) and preconditioning techniques with the efficiency of the
thick-restart Lanczos method. TRPL+K employs an inner-outer scheme where the inner loop applies
Lanczos on a preconditioned operator while the outer loop augments the resulting Lanczos subspace
with certain vectors from the previous restart cycle to obtain eigenvector approximations with which
it thick restarts the outer subspace. We first identify the differences from various relevant methods
in the literature. Then, based on an optimization perspective, we show an asymptotic global quasi
optimality of a simplified TRPL+K method compared to an unrestarted global optimal method.
Finally, we present extensive experiments showing that TRPL+K either outperforms or matches
other state-of-the-art eigenmethods in both matrix-vector multiplications and computational time.
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1. Introduction. The numerical solution of large sparse symmetric eigenvalue
problems is one of the most computationally intensive tasks in applications rang-
ing from structural engineering, quantum chromodynamics, material science, dy-
namical systems, machine learning, and data mining to numerical linear algebra
[10, 31, 39, 4, 45, 48, 47, 46, 15, 13, 44, 49]. Depending on the application, one may be
interested in computing a few of the smallest or largest eigenpairs, or some eigenpairs
in the interior of the spectrum. The challenge is that the size of the eigenproblems in
these applications is routinely O(107 — 10%) [26]. Due to memory and computational
constraints, iterative methods that rely on sparse matrix-vector products are the only
practical solutions.

We are interested in finding the smallest eigenvalues and associated eigenvectors
of the pencil (A, B) when A, B € R"*" are large, sparse symmetric matrices,

(11) AUi =>\1'B1}i, 1= 1,...,p, p<Ln,
where B is positive definite, [v1, ..., v,] € R™*? is a B-orthonormal set of eigenvectors,
and Aq,...,\, are the corresponding eigenvalues of (A, B). For simplicity, we first
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discuss our method in the context of the standard eigenvalue problem (where B is the
identity matrix) but we extend it to the generalized problem later.

Variants of Krylov subspace methods have long been used to address large-scale
eigenvalue problems [19, 27, 28, 29, 16]. The unrestarted versions of Lanczos and
Arnoldi are considered optimal methods because they obtain their solutions over the
entire set of matrix polynomials with degree up to the number of iterations. Yet, for
difficult problems they require too many iterations to converge, resulting in impracti-
cal memory and computational demands. Researchers have sought to alleviate these
problems with restarting and preconditioning.

Restarting interrupts the iteration, computes the current approximations, and
uses them to start a new iteration. The pioneering implicitly restarted Arnoldi and
Lanczos (IRL) methods perform this in a way so that the restarted vectors continue
to form a Krylov subspace [33, 2]. The thick-restart Lanczos (TRLan) method [22, 43]
is equivalent to IRL but simpler to use and numerically robust. However, when the
desired eigenvalues are poorly separated from the rest of the spectrum, restarting
causes further deterioration of convergence that thick restarting cannot fully recover.
Locally optimal restarting is a technique that can result in near-optimal convergence
when combined with thick restarting or block methods [17, 36, 34]. The technique
is also known as +K restarting, which is more descriptive of the number of locally
optimal restarting directions we keep. The resulting methods, however, do not form
Krylov spaces and cannot use efficient constructing strategies such as the Lanczos
three-term recurrence.

Near-optimal restarting techniques alone cannot address the slow convergence
caused by poorly separated eigenvalues, a fact that often appears in real applications
[50, 42]. Shift-invert transformations require matrix inversions and are typically ex-
pensive, and we do not consider them in this paper. Instead we focus on methods
that use inezact inverses, or preconditioning, to accelerate convergence. The Davidson
method and its extension, the generalized Davidson (GD) method, are prototypical
preconditioned methods [6, 23, 5, 35]. At every step they apply the preconditioner
to the current eigenvalue residual to extend the search space in a similar fashion to
Arnoldi but producing a non-Krylov space. The Jacobi-Davidson method (JD) [32] is
a special case of GD where the preconditioner is performed with an appropriately pro-
jected preconditioned linear system solver. GD can also use thick and locally optimal
restarting, a method called GD+K [36]. Note that this type of eigenvalue precon-
ditioning can be considered as a step of an optimization method [9]. Such a view
is followed by the locally optimal block preconditioned conjugate gradient method
(LOBPCG) [17], which forgoes the subspace acceleration of GD+XK for a block three-
term recurrence. The search spaces of the above methods are not Krylov spaces,
which results in two disadvantages: expensive iteration costs (Rayleigh-Ritz (RR)
projection at each inner step) and selective convergence to a particular eigenpair.
The preconditioned Lanczos (PL) [24] and the inverse free preconditioned Krylov
subspace (EigIFP) methods [11] build a Krylov space of the preconditioned matrix
and thus avoid the expensive iteration costs. Although the preconditioned matrix has
different eigenvectors than (A, B), the methods invoke the RR projection of the origi-
nal matrices onto a preconditioned search subspace and can converge to one eigenpair
at a time.

In this paper, we propose a thick-restart preconditioned Lanczos+K method
(TRPL+K) to address the aforementioned problems. TRPL+K includes all three
major building blocks: thick restarting, locally optimal restarting, and precondition-
ing. Unlike GD+K, however, it employs a Krylov inner iteration based on TRLan



TRPL+K: THICK-RESTART PRECONDITIONED LANCZOS+K A1015

to build the search space, thus avoiding the expensive RR procedure at every step
and requiring about half the memory. It also differs from JD, since it stores the
entire Krylov space. Alternatively, TRPL+K can be considered as an extension to
EiglFP (or PL) with thick and locally optimal restarting, thus offering significant
speedups. We provide a convergence analysis of a simplified version of TRPL+K
from the perspective of optimization, showing an asymptotic global quasi optimal-
ity of the method compared to an ideal unrestarted global optimal method. This
complements some limited earlier theoretical results on the convergence of the +K
technique in LOBPCG and GD+K [17, 36]. Extensive experiments demonstrate that
TRPL+K either outperforms or matches other state-of-the-art eigenmethods in both
matrix-vector multiplication counts and computational time.

In section 2 we develop a background framework on which to compare existing
and proposed methods. In section 3, we present our method for the standard eigen-
problem. Section 4 considers a simplified version of the algorithm for the generalized
eigenproblem and develops a convergence analysis. Section 5 compares the efficiency
and effectiveness of TRPL+K with other methods through experiments.

2. Background and related work. Since restarting techniques are the primary
concern of this paper, we focus our background section on a common framework in
which we can describe most current eigenmethods as well as the proposed one.

2.1. Thick restarting, locally optimal restarting, and preconditioning.
The unrestarted Lanzcos method converges optimally in terms of the number of
matrix-vector multiplications because it dynamically builds the optimal polynomial
through an efficient three-term recurrence. In practice, rounding errors cause loss of
orthogonality to previous Lanczos vectors, so we typically store all the Lanczos vectors
and perform selective or partial reorthogonalization [30, 10]. Restarting is intended
to reduce the storage requirements and computational cost of orthogonalization. Af-
ter a maximum number of iteration vectors are stored, we compute the best desired
approximations and restart. While limiting storage and computational costs per it-
eration, restarting inevitably impairs the optimality of unrestarted Lanczos since it
discards part of the information. Various techniques [25, 36, 34, 17, 21] attempt to
partially recover the lost information due to restarting.

Implicit restarting [33] performs this by dumping unwanted components (typically
unwanted Ritz vectors) by applying the implicitly shifted QR. However, this technique
is complicated to implement in a stable way [14, p. 136]. Thick restarting is math-
ematically equivalent to implicit restarting [37, 22] yet it is easier to implement in a
stable way in the Lanczos [43], Arnoldi [22], and GD [37] methods. Thick restarting
directly keeps the wanted Ritz vectors instead of dumping the unwanted ones from
the basis. Moreover, with thick restarting it is straightforward to add arbitrary (non-
Krylov) vectors to the restarted space. This is a key feature for our proposed method
where we augment the restarted space with Ritz vectors from a previous cycle. Due
to simplicity, numerically stability, and flexibility, thick restarting has been applied to
various Krylov and GD (or JD) type methods for both eigenvalue and SVD problems
[43, 22, 41, 20, 32, 37, 34, 1, 47].

The locally optimal restarting technique has been studied under different names
in the literature such as locally optimal recurrence in LOBPCG [17], +K restarting in
GD+K [36, 34], and Krylov subspace optimization [21]. There are different ways to
justify the use of this technique. One is from an optimization viewpoint that extends
the nonlinear conjugate gradient (CG) method for optimizing the Rayleigh quotient
by a RR procedure on the three successive iterates. Another viewpoint is that three
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successive Lanczos iterates are sufficient to guarantee full orthogonality of the space.
Yet another viewpoint relates the Lanczos iterates to the ones from a three-term recur-
rence of the linear CG on the JD correction equation. Regardless of the viewpoint, the
idea of using Ritz vectors from both the current and the previous iteration has given
rise to methods that converge near-optimally for seeking one eigenpair under limited
memory, especially when combined with block methods or thick restarting [17, 34].
Rigorous analysis, however, has been difficult. In [36] the last viewpoint was analyzed
providing some bounds on how well the locally optimal restarting matches the effects
of a global optimization over the unrestarted space. In this paper, we provide an op-
timization viewpoint analysis that establishes the asymptotic global quasi optimality
of our new method by quantifying the relative difference between the locally and a
globally optimal Rayleigh quotients.

Preconditioning (inexact shift-invert) is crucial to improve the convergence of all
these methods. For large problems, as exact matrix factorizations are prohibitive or
infeasible, we focus on preconditioners such as incomplete ILU or LDLT factorization
[11]. Although GD (or JD) type methods use a preconditioner to build a general,
non-Krylov subspace, a few methods have been proposed to exploit a preconditioned
Krylov subspace [11, 24, 41]. This paper further explores this line of research.

2.2. Comparison of subspaces of various methods. We use the following
notation. A cycle refers to all the work a method performs between restarts and is
denoted by a subscript. When present, a second subscript refers to the eigenvector
index, e.g., z; 2 is the approximate eigenvector for the second smallest eigenvalue at
the end of cycle i. A matrix or block of vectors followed by parenthesis uses MATLAB
index notation. At restart, thick restarting keeps at least the p wanted Ritz vectors.
A method then continues building a basis U with m new vectors, which differentiates
most methods. In +K restarting, U is then augmented by [ Ritz vectors from the
previous step (which previous step depends on the method). Thus, at the end of
the ith outer cycle, the basis is U € R"*4, where ¢ = p + m + [ is the maximum
basis size. For a given shift p, let 4, = (A — pI), A, = L7Y (A — pI)L=T, and
a preconditioner M = L~TL~! ~ (A — pI)~'. The shift is usually the Rayleigh
quotient for some approximate eigenvector x, p(z) = T;T—Af We use the RR procedure
to extract approximate eigenpairs from span(U). K,,(A,u;) refers to the Krylov
subspace of dimension m of A with initial vector u.

TRLan [43] is mathematically equivalent to implicitly restarted Lanczos. At the
end of the i+ 1 cycle, it forms a space Ky which includes the p wanted Ritz vectors
obtained by RR at the end of the ith cycle and m additional Lanczos vectors starting
from the last Lanczos vector r = u; p4m+1 of the ith cycle.

2 m—1
(2.1) Krrr =span{ ©;1,%i2,. .., Tip, AT, A%r, . J AT}

Wanted Ritz vectors Lanczos iterations

K iy always remains a Krylov space, but it allows for a more efficient implementation
than the implicitly restarted Lanczos. TRLan is the only method we consider that
cannot use preconditioning directly, but only through shift-invert.

LOBPCG [17] forms a subspace K, at the end of cycle i + 1 from which it will
use RR to compute p approximate eigenpairs. The subspace is built by the following
locally optimal recurrence with m = p = I:

(22) KL :Span{ Ti1,%3,2y- -5 Lip, MT‘l,MT'Q,...,MT‘p7 Ti—1,15--+,Ti—1,p },

Wanted Ritz vectors Preconditioned residual vectors Previous Ritz vectors
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where x; ; is the jth Ritz vector from cycle ¢, {r;} is its residual, and x;_1 ; is the
corresponding Ritz vector from cycle i —1.! Note that {Mr;} are typically computed
in a block form, not one at a time through an inner iteration.

GD+K [36, 34] is an extension of GD where, at restart, [ number of previous Ritz
vectors are used to augment the thick restarted basis. Thus at the end of cycle i + 1
the subspace of size ¢ is

(2.3) Kg=span{ z;1,...,%p, MTip) ,Mrgp-’_m_l), xz(.?l_l), . ,xgql_l) .

g e

Wanted Ritz vectors Preconditioned residual vectors Previous Ritz vectors

Here, x;; and xEZ_l) are the Ritz vectors computed at cycle ¢ from the spaces K¢g

with size(Kg) = ¢ and size(Kg) = q — 1, respectively. ) denotes the residual
vector of the targeted Ritz vector Z‘Z(i)l’l at inner iteration j — p + 1 of the current
cycle i + 1, i.e., when size(Kg) = j. Without preconditioning (M = I) and with
Il = 0, GD+K is equivalent to TRLan. When m = p =1 = 1, GD+K is equivalent
to the locally optimal preconditioned conjugate gradient (LOPCG, or LOBPCG with
p=1). A block version of GD+K is also possible.

PL [24] employs a preconditioned Krylov inner iteration on A\p =L Y(A-pI)L™T
to build a basis G of Kp in (2.4), applies the RR of A\p onto G to find a primitive Ritz
pair (6,%), and converts the Ritz pair back (p+ 0, L~TGy) for the original eigenvalue
problem. Additional eigenpairs are found one at a time. The size m of the Krylov
space varies dynamically.

(2.4) Kp = span{ LTCUZ"h A\p(LTacML zzl\i(LT.%'i’l), o A\:,"(LT:EZ»J) }.

Wanted Ritz vector Lanczos iterations

Without preconditioning PL is an explicitly restarted Lanczos with one vector (i.e.,
no thick restarting).

EigIFP [11] produces the same approximations as PL in exact arithmetic, but the
application of the preconditioner does not have to be in factorized form. The basis V'
of the search space K built by EiglFP is related to the PL’s basis as U = L~TG. RR
is performed by projecting A, = A — pI onto U, yielding the approximate eigenpair
(p+0,Uy). Since all vectors are stored, m = ¢ — 1. Otherwise, EigIFP has the same
limitations as PL.

(25) KF = span{ Li,1, MA[,IZ'J, (MAp)zl’iJ, ceey (MAp)mQSZ‘J }
—~~

‘Wanted Ritz vector Lanczos iterations

The GD+K method typically demonstrates faster convergence than the rest of the
methods in terms of number of matrix-vector products because it combines both thick
and locally optimal restarting and uses subspace acceleration to obtain the “best”
Ritz vector at every inner iteration to improve by preconditioning. However, the
faster convergence of GD+K is at the cost of applying a more frequent RR procedure,
which could be a quite expensive operation when the subspace is large [40]. Therefore,
it is unclear if the GD+K method is still the method of choice in terms of the runtime
when the matrix-vector operation is inexpensive. For large numbers of well-separated
eigenvalues, however, a block method such as LOBPCG could also be competitive.
On the other hand, PL and EigIlFP can generate the inner Krylov space without the
overhead of multiple RR projections required by GD+K.

1One could use search directions instead of previous Ritz vectors for better numerical stability
as suggested in [17, 18], but both variants essentially construct the same subspace.
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3. Thick-restart preconditioned Lanczos +K method. The motivation of
our proposed TRPL+K method is to extend the computationally efficient EiglFP
method with the thick and locally optimal restarting techniques of GD+K. It can
also be viewed as an extension of TRLan to allow for locally optimal restarting and
preconditioning. We note that the JD method with CG as inner iteration and GD+K
as the outer method is even more computationally efficient per step because the inner
Krylov space does not need to be stored. However, the result of CG is a correction to a
single Ritz vector that does not benefit convergence to nearby eigenpairs, which is left
to the subspace acceleration of the outer iteration. With TRPL+K we hope that the
inner iteration generates useful correction information to all p required eigenvectors.
For simplicity, we describe the method in detail for the standard eigenvalue problem
only.

Extending EiglFP to include thick restarting is rather straightforward. With-
out preconditioning, the K space in (2.5) is a Krylov space so it can be restarted
as in TRLan (2.1). With preconditioning, K is still a Krylov space but of the
preconditioned matrix M (A — pI). Note that if p differs between cycles so do the
matrices of the corresponding Krylov subspaces. At the end of cycle i + 1, the RR
must be performed on matrix A or A, = A — pI to compute the new Ritz vectors
Xit1 = [Tit+1,1,-- ., Tit1,p). This implies that the thick restart vectors X; used in the
basis of cycle i + 1 do not form vectors of a Krylov sequence. After restart, we have
T = X' AX; = diag([0;1,...,0ip]), but we cannot use the TRLan relations for the
subsequent Krylov vectors.

To efficiently build such an augmented Krylov space we can use a technique based
on an FGMRES-like method [3] or on the GCRO method [7, 8]. We have followed a
GCRO-like method to build a Krylov basis G;4+1 orthogonal to X; = [2;1,...,%ipl,
i.e., we build span(Giy1) = Ky, (I — Xi X )M(A = pI), (I — X; X[ )Mry), with ry =
(A—pI)x; 1. This allows us to build the projection matrix T’ = [X;, Gi41]" A[X;, Git1]
without additional matrix-vector products. At step j of the inner Krylov method,
before we compute G;11(:,j + 1) we compute

zZ = AGi+1(:7j)’
(3.1) T(1:p,p+j) = X/ 'z,
T(p+1:p+g,p+j) = Ginl1:)" 2

Then, we continue with the inner method G41(:,7 +1) = (I — X; X )M (2 — px;1).

Employing locally optimal restarting to the above thick restarted preconditioned
Lanczos is more involved. At cycle ¢ + 1, after the inner method concludes its m
steps, we perform RR to obtain X;;1 using the space U;1(:,1:m + p) = [X;, Git1].
We want to augment this space with some “previous” directions, X?P"’. A choice
similar to GD+K does not work. GD+K uses as XP"¥ the Ritz vectors from the
penultimate step of the Krylov method before restart, i.e., the Ritz vectors from the
subspace U;(:,1:p+m — 1) = [X;_1,G;(:,1:m — 1)]. The idea is that the optimal
projection over U;(:,1:p+m + 1) (i.e., the next step of the unrestarted method) can
be approximated through the Ritz vectors of the last two iterations and the residual.
But our method does not optimize over the XP"¢¥ directions to expand the basis at
cycle 7 4 1; it builds a Krylov space.

If we assume that our inner method was a polynomial returning only one vector
s(A)r1 (not the entire G;41 space of size m) to be used in the outer RR and that
we were seeking p = 1 eigenpair, the outer method would be similar to LOBPCG on
the operator s(A). For this operator, the choice for locally optimal restarting would
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be XP™¥ = X,_4, i.e., the Ritz vector at the beginning of the previous cycle. We
take the liberty to use LOBPCG’s choice XP"°" for our method, which we now call
TRPL+K. The space at the end of cycle i + 1 should include X;,G;11, and X;_1.

The order of the three blocks in the search subspace deserves a careful discussion.
Since X; is produced from a basis that includes X;_; at cycle 4, it is possible to
orthogonalize the two sets implicitly and compute their interaction on the projection
matrix T;41 without matrix-vector products. Then, by augmenting our space not only
with X; but with span([X;, X;_1]), we could build G, as described above. However,
we noticed experimentally that this choice does not perform well.

We observed much better convergence if the previous vectors X;_; were included
in the basis after G;+1 was computed. The disadvantage is that X;_1 has to be
explicitly orthogonalized against the rest of the basis vectors and ! matrix-vector
products have to be performed to compute the resulting 7. However, the relative
expense is small for large m (inner iterations), and typically [ = 1 gives very close to
optimal convergence while more previous vectors give little additional improvement.

We can now describe the space that TRPL+K builds. Let X; = [zi1,..., 2 p)
C=I-X;XI'YM(A—p;I), and u; = Cx;1. Then, at the end of cycle i+1 TRPL+K
computes the Ritz vectors from the subspace

m—1
(3.2) Krrpr+x =span{ i1,...,%ip u1,Cut,...,C" Tuy T 11,...,Ti-1,

Wanted Ritz vector Lanczos iterations Previous Ritz vector

Algorithm 1 summarizes TRPL+K for finding p smallest eigenpairs of A. For
simplicity we also let the minimum thick restart size be p. However, the algorithm

Algorithm 1. Thick-restart preconditioned Lanczos +K method.

Input: matrix A € R"*", preconditioner M € R"*™ p the number of desired
eigenpairs, X = [z7 ...x,] any available initial approximations to the p eigenpairs,
xij = 0;j, maximum basis size ¢, maximum number of retained previous vectors
[, maximum number of cycles maxIter
Output: approximate eigenvalues 01, ...,0,, and eigenvectors x1,...,Tp.

1: Perform RR on the orthonormal set U = X = [z1,...,1,], T(1:p,1:p) + XTAX

2: Let YOYT = XTAX be the eigendecomposition of XTAX. Reset U, X «+ UY
(the p Ritz vectors) and T < ©. Set target t = 1, p <z Aw;, XPr¢ [ ]

3: for k=1 : maxlter do

4:  Use Lanczos (3.1) to generate G containing the orthonormal basis vectors for

Ko (I — XXTYM(A — pI),u;) and the projection T(1:p+m, p+ 1:p+m)

5 SetU(;,1:p+m) « [X,G]

6: if k> 1 then

7: Orthogonalize XP™" against U(:,1:p+ m) to build U(:,p+m + 1:q)
8: Compute the remaining 7" such that T = UT AU

9: end if

10 XPrev = 2" 2l @y, .., weqq—1] (up to a min(t +1—1,p))

11:  Compute eigenpairs of T, T = YOY T and Ritz pairs: (6;,2; = UY(:,1))
12 if ||Az, — 62|l < € then

13: flag (6;, ), remove x}"" from XP ¢’  and advance target t =t + 1
14:  end if

15: Set p< 0, U(,Lip+1) « [UY (s, 1:p), M(Azy — pxy)], X =U(:,1:p)
16: end for
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can thick restart with any size p > p. Note also that the preconditioner M may
change at every cycle with the goal to approximate (A — p;I)~!.

Finally, we note that the algorithm can be easily extended to the generalized
eigenvalue problem, Av = ABv with B symmetric positive definite. We forgo this
description for simplicity. The analysis in the next section is based on a simplified
version of our algorithm for the generalized eigenvalue problem, aiming to compute
only the lowest eigenpair (A1, v1) (p = 1), replacing the previous Ritz vector x;_1 1 in
(3.2) with a search direction connecting x;_; 1 and z;; in two consecutive cycles. We
show the algorithm with soft locking but hard locking can also be applied.

4. Asymptotic convergence analysis of a PL+1 method. In this section,
we consider a PL+1 method (i.e., TRPL+K with p = 1 =) for computing the lowest
eigenpair (A1,v1) of (4, B), establishing an asymptotic global quasi optimality of the
method.

4.1. Preliminaries. Consider the matrix pencil (A4, B), where A, B € R™*™ are
symmetric, typically large and sparse, and B is positive definite. Let A\; < Ay <
-+ < A\, and {v;} be the eigenvalues and eigenvectors of the matrix pencil, such that
AUZ‘ = )\iB’Ui, (’Ui,’l)j)B = U?B’Uj = (Sij, ||’U1||B = 1, 1 S ’i,j S n.

Let =z be an approximation to v, the eigenvector associated with the lowest
eigenvalue A1, with the decomposition

(4.1) x =wvycosf+ fsinh, where 0 #£0, f L Buvy, and ||f|z = 1.

1 1
This suggests that ||z|p = (z7Bz)® = (||v1]|%cos?0 + || f[|%sin®0)® = 1. Since
f L Buy, it has the form f = 377, s;v;, where the scalars {s;}_, satisfy >37_, 57 =

Z?:z sj2||v]||23 = ||f|% = 1. The Rayleigh quotient of x is hence

plx) = 2 Ar _ 2T fy = vl Avy cos? 0 + fTAfsin® 0 = A cos® 0 + p(f)sin? 6,

T Bz

T n
where p(f) = S5k = fTAf = 37, 32 € Mo, Al

PROPOSITION 4.1. Let x be a vector with |z||p = 1. The gradient and the Hessian
of %p(m) with respect to x, respectively, are

“4.2) V%p(z) (A—p(z)B)xz = Az — p(x)Bx and

~ 2TBz
VQ%/)(:C) = ﬁ {A — p(z)B — “TBa (Az — p(x)Bz)(Bz)T — EBw (Az — p(x)Ba:)T}
“4.3) = A — p(z)B — 2(Azx — p(z)Bx)(Bx)T — 2Bz (Az — p(z)Bz)T.

Proof. The proof is done by letting T'(p) = pB — A in [38, Proposition 3.1]. 0O

For small 0, p(z) is a second order approximation to Ay, i.e.,

(4.4) p(x) = A = sin? 0(p(f) — M),
and hence V%p(x), i.e., the eigenresidual associated with x, is

Az — p(x)Bx = (A — p(x)B) (v1 cos 0 + fsinb)
= (A1 — p(z))cos@Bv1 +sind (A — p(z)B) f
= sinﬂ[zgzz 5;(Aj — p(x))Bv; — sinf cos O(p(f) — A1) Buy].
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Since Ay < Ag and >, 5? =1, Af — p(x)Bf = 2;;2 sj(A; — p(x))Bv; will not
vanish as # — 0 and p(z) — A;. Therefore, for sufficiently small 6,

(4.5) (1 =0)sin0[|Af — p(x)Bf|| < [|[Az — p(z) Bz| < (14 6)sin0|Af — p(z) Bf||
for some small § > 0 independent of 6, or simply || Az — p(x)Bz|| = O(sinb).

4.2. A PL+1 method. The framework of a PL+1 method is summarized in
Algorithm 2. This is a special case of Algorithm 1 for p =1 = 1 but extends it to
the generalized eigenvalue problem. It can also be considered an extension of the
PL method enhanced with the search direction adopted in LOPCG. It is important
to note that when X is a single vector, [X, Gi+1] in (3.2) is a Krylov space and
span{xy 1,u1, Cuy,...,C™ luy} = span{wy 1, Azk1,... A"z 1} (see Lemma 4.1 in
[36]). Since we only look for one eigenvalue, in the rest of this section we drop the
second subscript notation and use the subscript £ to represent the cycle, hence the
simpler form in Algorithm 2.

Algorithm 2. PL+1 method for computing (A1, v1) of (4, B).

1: Choose a symmetric positive definite preconditioner M ~ (A — oB)™! (0 < \1),
tolerance § > 0, m > 0

T
2: Choose vector x¢ with ||zo||p = 1, set pp = z%giz and ro = (A — poB)xo.
0

3: for k=0, 1, ..., until the convergence, i.e., ||| <6 do
4:  Form Gy, containing B-normalized basis vectors of MK, ((A — ppB)M,r})

= span {M(A — puB) i, [M(A — piB)) py ..., [M(A — pkB)]mxk}

. | [k, G (k=0)
5. Form Qy = { [x];,Gk,pk—l] (k> 0)

solve QF AQrw = pQi BQyw for the lowest primitive Ritz pair (pk, wk)
6: gk = kak(2m+1)
5 — Q= kak(1)+ gk (lfk} = O),
Rl FUERT 2w (1) + ge+ pe—1wi(m—+2) (if k > 0),

, perform the RR projection and

~ T
. Tk41 _ Tpp1ATep _ _
Tk+1 = Thiills’ Pk+1 = Ig+1BCEk+1’ and Tk+1 = (A Pk+1B)33k+1-
_ { g (k=0) -
T Ppg = Pr—1(A=pr—1B)gsk ' Pk = T5ells
— PrllB
9k Pg,l(A*Pkle)Pkflpk_l (k > 0)

8: end for

In each outer iteration k (k > 0), at steps 4 and 5, an augmented Krylov subspace
range(Qx) = span{z} + MKom (A — prB)M, 1) + span{pi_1}, i.c.,

(4.6) Kins1 (M(A — piB), 1) + span{py_1},

is formed as the subspace for the RR projection. Algorithm 2 is slightly different
from the variant used in practice at step 7, where a commonly adopted approach sets
Pk = gk + pr—1wi(m —+ 2), using the (m + 2)nd element of primitive Ritz vector wy, as
the coefficient for py_1. Our choice of such a particular linear combination makes it
easy to show the near conjugacy between pi_1 and pg.

We present a preliminary convergence result for Algorithm 2, which is essentially
a restatement of [11, Theorem 3.4]. Here we incorporate preconditioning and note the
fact that the space for projection used in [11], )11 (M (A — piB), xk), is a subspace
of the one constructed by Algorithm 2 in (4.6).
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THEOREM 1. Let Ay < Ao < --- <\, be the eigenvalues of (A, B), (pk, zk) be the
kth iterate of Algorithm 2, and LDLT ~ (A — pi.B) be a preconditioner where D is a
diagonal matriz of 1 elements. Assume that Cy, = L™ (A—ppB)L™T has eigenvalues
o1 < o9 < -+ < 0, and satisfies Cruy = oruy with ||ui]l2 = 1. If A1 < pr < Ag,

-1 -7
then pre1 — M < (pr — M)e2, + (pr — Al)%em (M)% + 0k, where 0 < & =
pr=M+ =B = O ((ok = M1)?), and ep = mingep,, p(oy)=1 Maxa<i<n [p(0i)],
with P,, denoting the set of all polynomials of degree not greater than m.

g2

Remark. The value of €,, depends on the quality of the preconditioner M ap-
proximating A — ppB. If M = A — 0B, then (A — pyB)V = BV (A — piI) and
MV = BV (A —oI), where A = diag(\y,. .., Ay) is the diagonal matrix of the eigen-
values of (4,B) and V = [v1,...,v,] contains the corresponding eigenvectors. It
follows that M (A — pxB)V = V(A —oI)~ (A — piI). That is, v; is an eigenvector of
M (A — piB) associated with eigenvalue o; = ’\A:—_’f Since Cy = L™Y(A — pp,B)L™T
and L=TL=1(A— pi, B) have identical spectrum, o; is also an eigenvalue of Cj. There-
fore, if ¢ and pg are close to Ay, then os,...,0, are all close to 1, and hence
€m = Milyep,  o(or)=1 MaXo<i<y [P(03)| would be fairly small with a small value of
m, indicating a fast rate of convergence of the outer iteration.

4.3. Global quasi optimality. Theorem 1 shows that Algorithm 2 converges
at least linearly with an asymptotic factor no greater than €2,. Our goal is to explore
the role of the search directions pj (the “+1” strategy), which helps the algorithm
achieve a greatly improved convergence rate associated with global quasi optimality.
The global quasi optimality is defined as follows.

DEFINITION 4.2. Consider an iterative method for computing the lowest eigenpair
(M1, v1) of a real symmetric matriz pencil (A, B) with positive definite B. Let xqy be
the starting vector, xy, be the approximation obtained at step k, and 0y, = Z(xk,v1)p =

cos™! m be the error angle of xy. Let Uy,Us, ... be a sequence of subspaces

of increasing dimension, such that for each k > 1, x), € Uy, and U; C U; for all
T

A
T B

1 <i<j. Let y; € Uy be the global minimizer of the Rayleigh quotient p(z) =
in Ug. Then the iterate xy, achieves global quasi optimality if

p(zk) — p(yr)

“.7) o " pen) — A

=0.

4.3.1. Linear convergence assumption. To show the global quasi optimality
of Algorithm 2, we first make an assumption of its precisely linear convergence.

Assumption 4.3. Assume that Algorithm 2 starting with initial p(z¢) € (A1, A2)
converges precisely linearly (not superlinearly or faster) to A1; in other words, there
exist constants 0 < { < § < 1, independent of the progress of Algorithm 2, such that

(4.8) 9y —M) <pr =M <E(pj — A1) forall 0< 5 <k

The assumption on the existence of a lower bound £ on the convergence factor is
realistic. Given M ~ (A — oB)~! with a fired 0 < )1, and a fized dimension m of
the preconditioned Krylov subspace, extensive experiments suggest that Algorithm 2
exhibits simply linear convergence as the outer iteration proceeds.

Assumption 4.3 has an equivalent form in terms of angles. Consider two iterates
xz; =vi1cosl; + fjsinf; and x = vy cos Oy + frsinby, 0 < j < k, where f;, fr L Buy,
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1fills = Ifellz =1, and [lz;|5 = ||lzkllz = 1. From (4.4), we have (4.8) equivalent
to £" 7 sin? 0;(p(f;) — M) < sin O (p(fr) — A1) < €9 sin? 0;(p(f;) — M), ie.,

(4.9) \fk J 58?) S sind; <sinfy < \/ fJ;:i‘i sin 6;.

4.3.2. Relevant spaces. To study the global quasi optimality, we define

(4.10) Wy = span{go, ..., gk—1} = span{Mdy, ..., Mdy_1}, where
d@ € Icm ((A - pr)M, T@) ’ and
(4.11) Uy = span{zo} + Wy.

LEMMA 2. For all k > 1, Wy = span{po,...,prk—1} and xx € Uy.

The proof is straightforward by induction and omitted. Next, we make an impor-
tant assumption about Wy for the subsequent analysis.

Assumption 4.4. Assume that there is a constant § > 0, independent of 6y =
Z(xg,v1) B, such that Z(vy, W) > 6 for all k > 1.

Remark. The above assumption is guaranteed to hold if the preconditioner M is
equipped with the projector P = I — xoxo . That is, let M = PT M P be the precon-

ditioner for Algorithm 2 such that range(]MT) = (span{Bzo})". If 2 is sufficiently
close to vy, then Wy C range(M') ~ span{va, ...,v,}, and hence Z(vy, W) > §. The
JD method uses this strategy to enhance the robustness of the convergence.

4.3.3. Preliminary results. We present a few preliminary results useful for the
proof of the main theorems in the next section. For the sake of readability, we move
most of the technical proof of our results to the appendix.

LEMMA 3. Let z = vy in (4.1), and let p be a descent direction for p(x) such that
(p, Vp(z)) < 0. Assume that there exists a 6 > 0 independent of @ = Z(x,v1)p such
that p(p) —p(x) > 6. Then the optimal step size a* minimizing p(x+ ap) is the unique
or the smaller positive root of a(x,p)a? + b(z, p)a + c(x,p) = 0, where

(4.12) a(z,p) = (p" Ap)(p" Bx) — (pTBp)( Az) = [|plla" (A = p(p)B)p,
b(x,p) = (p" Ap)(«” Bx) — (p" Bp)(z" Azx) = ||lz|Bp" (A — p(x)B)p
= [l B lpll% (o) — p(2)) = zlBlpIES > 0, and
c(z,p) = (p" Az)(z" Bz) — (p" Bx) (2" Az) = [|z||3p" (A — p(z)B)z < 0.

LEMMA 4. Let = be an approzimation to vy with decomposition (4.1), p be a
descent direction for p(x), and 6 > 0 be a constant independent of 0 = Z(x,v1)p,
such that p(p) — p(x) > 6 > 0, and a* the optimal step size minimizing p(x + ap).
Then for sufficiently small 0, with a,b, and ¢ defined in (4.12),

2 2
55 — 55 + O(c!) . 55 — 53 + O(c!)
< plz+a'p) —plx) < ;
min{|lz|%, [z + o pll3} max{||z||}, |z + o plB}

and hence p(x + a*p) — p(x) = —O(sin? 0)O(cos? Z(p, Vp(x))).

LEMMA 5. Let j > 0 be fized and k > j be a variable integer. Consider two
iterates x; = vy cos@; + f;sinf; € U, x = vicosO + frsind, € Uy computed by
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Algorithm 2, where fj, fr L Buy, [|fjllz = [lfells = 1, llzjlls = llzxllp = 1, with
sufficiently small 85,0y such that p(zi) < p(x;) < Ay. Consider a decomposition

(4.13) T = Bikx; + VikGik

with Bik, vik > 0, lgjkllz =1, gjx € span{p;—1,9;,---,9k-1} (j > 0), or gor. € Wi =
span{go,...,gk—1} (j = 0). Under Assumption 4.4, let p;, = ngkaj, and we have

(4.14) v, = O(sinby), Bjx = 1 — pjkvin — %(1 — 15V + O(Vjy) =1 — O(sind;).
4.3.4. Main theorems. We are ready to prove the global quasi optimality of
Algorithm 2. To this end, we will show the following results step by step:

1. If the search directions {po,...,pr} of Algorithm 2 are approximately conju-
gate, then x4 1 € Ugyq is sufficiently close to the global minimizer in Uy
as long as xj € Uy is sufficiently close to the global minimizer in Uy.

2. Any two consecutive search directions py_1 and pj are approximately conju-
gate, and so are py and py (hence, x3 is globally quasi-optimal).

3. If z, is globally quasi-optimal, then rj is nearly orthogonal to Wy; in fact,
limg, o cos Z(rx, W) = 0 (we can hence define cos Z(r, Wk)|90=0 =0).

4. Assume that cos Z(rg, Wy) is differentiable at 6y = 0. If x € Uy is glob-
ally quasi-optimal, then pj, is approximately conjugate to {po,...,px—1}, and
hence z1 € Uk is also globally quasi-optimal, as a result of induction.

First, we show that a set of approximately conjugate search directions guarantee
that the quality of the iterate of Algorithm 2 at (outer) step k for approximating the
corresponding global minimizer can be extended to step k 4+ 1 with a possible very
small deterioration on the order of O(sin 6 1)O(sin? fp).

THEOREM 6. Let {z} be the iterates of Algorithm 2, r, = (A — p(x)B)xy the
residual, and {py} the B-normalized search directions. For a given k > 0, consider
all vectors of the form z = y + apy, € Upq1, where y = Byxo + vyg9y € Ur with

lwlle = llgyllz = 1, and g, € Wy, satisfying p(z) < p(y) < p(zo). Assume that {py}
are pairwise approzimately conjugate, i.e., pt (A—p(zy)B)p; = O(sinb;) (0 < j < k).
Let y* and z* be the global minimizer of p(-) in Uy and Ug41, respectively. Then

plarar) = p(=") < plar) = ply") + Ofsin 1) O(sin® bp).

To prove the global quasi optimality of Algorithm 2, it is hence crucial to show
that the B-normalized search directions are pairwise approximately conjugate, i.e.,

Pk (A — p(xx) B)p; = O(sin ;)

for all integers 0 < j < k. To achieve this, our second step is to show that any two
consecutive search directions pi_1 and pj are approximately conjugate, and so are pg
and ps. We will establish the complete near conjugacy in Theorem 10.

LEMMA 7. The B-normalized search directions of Algorithm 2 satisfy
P (A — p(zg)B)pr—1 = O(sin® Oy 1) for all k> 1.

To show the complete near conjugacy p% (A — p(zx)B)p; = O(sinb;) for all 0 <
j < k, we make an assumption about g € MIC,, (A — pxB)M, 1)) as follows.
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Assumption 4.5. Let g = Mpi’fll((AfpkB)M) r, at step 6 of Algorithm 2,

where pﬁfll is a polynomial of degree no greater than m —1 with real coefficients.

With a sufficiently small 6y = Z(z¢, v1)p, assume that for all 0 < j < k,
Mp) | (A= puBYM) = MpS) | (A= p; B)M) + O(sin6).

Remark. Assumption 4.5 holds trivially for LOPCG, i.e., Algorithm 2 with m = 1,
(k)

m—1

LEMMA 8. Under Assumptions 4.3 and 4.5, p% (A — p(x2)B)po = O(sinby).

because p (-) = I for all k, so that g, = M7, up to a scaling factor.

From Lemmas 7 and 8, the search directions {pg,p1,p2} are pairwise approxi-
mately conjugate. In addition, since xo € span{x1, g1,po} = span{zg,po,p1} = Uz
is obtained from the RR projection, it is the global minimizer in Us. Let z* be the
global minimizer of p(-) in Us. It follows from Theorem 6 that

(4.15) p(z3) — p(z*) < p(x2) — p(y*) + O(sin 83)O(sin” Hy) = O(sin f3)O(sin’ b)),

where o = y* is the global minimizer in Us. We thus have the base case: x3 is a
global quasi minimizer in Us.

The rest of our work is focused on the inductive step: assuming that the global
quasi optimality is achieved at xj, we want to show that the new py is approximately
conjugate to {po,...,pr—1} such that the quasi optimality can be extended to xj1.

LEMMA 9. For a given k > 3, assume that the iterate xy of Algorithm 2 achieves
the global quasi optimality (Definition 4.2). Then r, = (A — p(a)B)xy, satisfies

(4.16) lim cos Z(rg, Wg) =0,
90—)0

i.e., T 18 asymptotically orthogonal to Wy, = span{po, ..., pr—1}-

Note that cos Z(r,, Wi)|g,=0 is not defined, since Algorithm 2 with xy = v; would
not proceed. However, thanks to (4.16), it is reasonable for us to make the following
assumption about the behavior cos Z(rg, Wi) near 6y = 0.

Assumption 4.6. For a given step k > 3, suppose that the iterate xj of Algorithm
2 achieves global quasi optimality (4.7). We define cos Z(rg, W) | 89=0 = 0 and assume
that cos Z(rg, Wy) is differentiable at 8y = 0; that is, we assume that cos Z(ry, Wy) <
O(sinfy) = O(sinby) (1 < ¢ < k) for a sufficiently small 6.

We note that Assumption 4.6 is not just presented for technical convenience but
is consistent with our numerical experience, at least for relatively small k. Under such
an assumption, we can establish the inductive step as follows.

THEOREM 10. Assume that the B-normalized {po,...,pr—1} of Algorithm 2 are
approximately conjugate, and hence xy, achieves global quasi optimality (4.7). Under
Assumptions 4.3, 4.4, and 4.5, {po, ...,px} are approzimately conjugate.

Proof. To complete the proof, it is sufficient to show that pj is approximately
conjugate to p, for all 0 < ¢ < k — 2. For any ¢, 0 < ¢ < k — 2, note that zyy; =
Be(e+1)Te + Ve(e+1)Pe, where vpp41) = O(sinby) and By41) = 1 — O(sin6y). It follows
that p, = m (ze41 — Be(e+1ywe), and
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!pZ(A — p(zr)B)gr| = ( 1 ﬂZ(Hl)I/ J(A - P(mk)B)gk‘

i1 (A = p(xes1)B) — Bues1yzi (A — p(xe) B)] gi
+ (p(xe11) = p(ak)) 241 Bgk — Beerny (p(ae) — p(a)) 27 By |,
|(rier = Beernyri )gr + O(sin® 1) || Brera [[|lgr || + O(sin® 6e) [ Bae|lllgwl|

\W(z+1)| ‘

vb =
IVee+1)|
< OGin® 0)llgill |, |(Fer = Buesnyr)MpGL (A = prBIM) 1]
—  O(sinby) [Ve(er )l

= O(sin00) | gu | + s [P0 (M(A = pesaB) M+ O(sin )] 1

b
IVe(e+1)
- TP (M(A = peB)) M + O(sin 6

Bee+1)Te |Pry—1 (M ( peB)) M + O(sin 0;) | 74

Since p%)_l (M(A — p¢B)) M is symmetric, repl?) (M(A —pB)) M = gI', and this

m—1
holds similarly if £ is replaced with /+1. Also, since zj, achieves global quasi optimality,

by Assumption 4.6, | cos Z(rg, Wi)| < O(sinf) (0 < ¢ < k). Since g¢, ge+1 € W,
we have |cos Z(rg, g¢)] < O(sinéy) and | cos Z(rg, ger1)| < O(sinfyy1). Note that

lrell = O(sinby), and ||rg|| = O(sinby) = O(sinbp11) = O(sinb,). Hence,

(4.17)  |pe(A — p(ar)B)gx|

)gﬁ_lm + rgT_,_lrkO(sin Oe+1) — 5g(g+1)ggTrk + répm(’)(sin 93)‘
O(sin ;)

llge+1lll|7elll cos Z(ri, ges1)| + |Becer vy [l gellllrell] cos Z(rw, ge)
O(Sinag)

+ et allllrelOQ) + [[rellllre|O(1)

75l (Ige+11|O(sin Oes1) + |Bees 1) lllgel| O(sin 6¢))

O(Sinaz)
< ||gr||O(sin 0¢) + ||ge+1||O(sin Oy ) + ||ge||O(sin 6y) + (9(sin2 0¢) = O(sinby).

< lgr|O(sin 0,) +

< [lgrl|O(sin 6c) +

< g O(sin 0r) + + O(sin® 0y)

Moreover, it is not difficult to see that |ps(A4 — p(zx)B)gr| = gx||O(sin ;). Recall

Pi_1(A=p(zr_1)B)gk
pi_1(A—p(zk—1)B)pK—
normalized search direction is py = - pg, where 7 is chosen such that ||pg||z = 1.

Mgl

Also, since 0 < ¢ < k — 2, p} (A — p(zi—1)B)pr—1 = O(sinb,), and

that pr, = gr — -p—1 such that Ik || is proportional to ||gk||. The

(4.18)  pi (A~ p(ax)B)pr = HZ Pt (A= p(e0) B
pi—1(A — p(zr—1)B)gx
pi_,(A— P(xk—l)B)Pk—lpkil)

M B i1 (A = p(zr-1)B)gr
\|9k||{p£(A plek) B)gx Ph_1 (A = p(xk—1)B)pr—1

% [pf (A= p(@r-1) B)pics + (p@er) = plwi)) pf Bpii] }

= i {lorOsin6e) + Olgel)[O(sinde) + Ofsin 611)] | = O(sinde).

— e (A= plo) ) (gk -

Finally, recall from Lemma 7 that py_; and pj are approximately conjugate. It
follows that {po,...,px} are pairwise approximately conjugate. 0
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With all the above work, we can finally present the major theorem of this section
on the global quasi optimality of all iterates generated by Algorithm 2.

THEOREM 11. Let {x1} be the iterates of Algorithm 2, ri, = (A — p(xx)B)xy the
residual, and {py} the B-normalized search directions. Suppose that Assumptions 4.3,
4.4, and 4.5 hold. In Theorem 6, let y* and z* be the global minimizer in Uy, and U1,
respectively, and Ciy1 be the constant for which p(xry1) — p(2*) < plag) — p(y*) +
Chy18in 0,1 sin” Oy if {po,...,pr} are approximately conjugate. Then for any given
k>3, pzr) — p(y*) < 2523 C; sin 0, sin® 0y, and therefore,

k . . —_1\k k .
(4’19) lim M im Z]‘:3 Cjsin0; sin? 0o < lim (§ 1) Zj:3 C; sin 6, Y
000 p(zr) — A1 T 00=0 £¥ (p(fo)—A1)sin® 6y ~ fo—0 Ao— N\

Proof. The proof is based on mathematical induction. The base case has been
established in Lemmas 7 and 8 together with (4.15). The inductive step is completed
in Theorem 10. Then, by Theorem 6, the conclusion holds. 0

Remark. Interestingly, (4.19) suggests that for a larger k, the relative difference
between p(z) (locally optimized p(-) over span{zi_1, gx—1, pr—2}) and p(y*) (globally
optimized p(-) over Uy = span{zo} + span{go,...,gx—1}) tends to grow larger. The
upper bound on this relative difference scales like a linear function of k (assuming that
|C;sinf;| < C for all j > 3) multiplied by an exponentially increasing function of k.
Nevertheless, for a given outer iteration k > 3, Theorem 11 shows that Algorithm 2
iterate = € Uy is almost as good as the corresponding global minimizer y* if 6y is
sufficiently small. As a result, Algorithm 2 would actually converge considerably faster
than Theorem 1 suggests. This theorem also provides insight into the performance of
LOPCG, which is an instance of Algorithm 2, and the block extension LOBPCG.

Remark. A different viewpoint is followed in [36] but with qualitatively similar
results. Consider k steps of CG solving the JD correction equation starting from
the Ritz vector at the ith iteration of Lanczos. Then, the distance between the Ritz
vector of Lanczos at iteration i + k and the CG solution after & steps is bounded by
O(|pi — pi+x|). The locally optimal restarting approximates the A-norm minimization
of CG over the entire space, so if Lanczos converges slowly or if k is small, +K
restarting will yield Ritz vectors close to the unrestarted Lanczos. If p; and p;1 are
far, then convergence is already fast and the use of +K is not needed.

5. Experiments. First we show that TRPL+K does indeed achieve quasi opti-
mality and then we investigate the effect of the maximum basis size ¢ and the number
of previous retained vectors [ on the performance. Then we present an extensive set
of experiments comparing TRPL+K against other methods on a variety of problems.

The matrix set is chosen to overlap with other papers in the literature. All matri-
ces can be reproduced from these papers or downloaded from the SuiteSparse Matrix
collection (formerly at the University of Florida). Table 5.1 lists some basic prop-
erties of these matrices. Matrices finan512 and Plate33K_A0 have larger gap ratios
so they are relatively easy problems. Matrices Trefethen 20k and cfdl are moder-
ately hard problems, while matrices 1138bus and or56f are the hardest problems. The
effectiveness of a method is typically manifested on harder problems.

We compare TRPL+K against the following eigenmethods: unrestarted GD (as
a representative of unrestarted Lanczos), TRLan [43], GD+K [34, 36], LOBPCG [17],
and EigIlFP [11]. To allow for easier comparisons, we use only MATLAB implemen-
tations. We adopt the publicly available implementations for LOBPCG and EigIFP
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TABLE 5.1
Properties of the test matrices for standard eigenvalue problems. Trefethen_20k is Tre20k, and

Plate33K_A0 is PlaAO.

Matrix ~ Order  nnz(A) k(A)  Source
1138bus 1138 4054 1.2E7 MM
orb6f 9000 2890150 6.6E7 Yang
Tre20k 20000 554466  2.9E5 UF

PlaA0O 39366 914116 6.8E9 FEAP
cfdl 70656 1825580 1.3E6 UF
finan512 74752 596992 9.8E1 UF

while we provide implementations for TRPL+K, TRLan, and GD+K. All methods
employ the same stopping criterion satisfying

(51) ||Auz - ezul” S ||A||F6usera

where ||A||r is the Frobenius norm of A and 0. is a user-specified stopping tol-
erance. All experiments use § = 1E — 14. All methods start with the same initial
guess, rand(n, k), with fixed seed number (12). We set the maximum number of
restarts to 5000 for all methods. Since we focus on methods with limited mem-
ory, we set mazrBasisSize=18, minRestartSize=8 for TRPL+K, TRLan, and GD+K.
Since EiglFP restarts with a single vector, we set maxBasisSize=18 for its inner itera-
tion. For LOBPCG, the method always uses mazBasisSize=3p. For other parameters
we follow the defaults suggested in each code. We seek p = 1, 5, and 10 algebraically
smallest eigenpairs for both stardard and generalized eigenvalue problems. We em-
ploy soft locking since the desired number of eigenpairs is small. All computations
are carried out on an Apple MacBook Pro with Intel Core i7 processors at 2.2 GHz
for a total of 4 cores and 16 GB of memory running the Mac Unix operating system.
We use MATLAB 2016a with machine precision € = 2.2E — 16. We compare both the
number of matrix-vector products (reported as “MV” in the tables) and runtime in
seconds (reported as “Sec”).

5.1. Quasi optimality with +K. Quasi optimality as defined in (4.7) implies
that as the initial guess becomes better, the relative difference between the vector iter-
ates of TRPL+K and the unrestarted method tends to zero. Figure 5.1 demonstrates
that TRPL+K achieves this quasi optimality on two sample matrices. A standard

Trefethen20k : seeking 1 small

cfd1 : seeking 1 smallest

10®
S <
o * o 10°
S A Sy o k, ¥ -
© 10710 gy *&*‘g‘*ﬂ L ©
€ AW * * E *
= S0l Ty * =
g My 8 1010t M
° *,f* O TRPL+K: sin(f) = 0.707 = 10 5 O TRPL+K: sin(6y) = 0.707
(72}
3 *a * TRPL+K: sin(6) =031 || & mﬁt* x TRPL4K: sin(fy) = 0.31
] ** TRPL+K: sin(fy) = le-1 || O il »¥ TRPL+K: sin(6y) = le-1
: sin(fy) = le- ] : sin(fp) = le-
10.15 #* TRPL+K: sin(0p) = le-2 10_15 L #* TRPL+K: sin(fy) = le-2 ]
- . . : : ;
20 40 60 80 100 20 40 60 80 100

Number of Matvecs

Number of Matvecs

Fic. 5.1. Confirming the quasi optimality of TRPL+1 with no inner iterations by showing that
the ratio (4.7) converges to zero as the angle of the initial guess to the required eigenvector decreases.
We plot this for the first 100 iterations.
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eigenproblem is solved without preconditioning. TRPL+K uses only one inner itera-
tion (i.e., equivalent to LOPCG) because it is easier to compare step by step to the
unrestarted method. The remark after Theorem 11 suggests that the ratio in (4.7)
increases with the number of iterations, which we observe in the plots. Therefore,
we plot only the first 100 iterations. What is important, however, is that for any
given iteration, the ratio decreases as we make the initial guess better. Therefore, as
TRPL+K converges asymptotically, it increasingly matches the unrestarted method.

5.2. The effects of maxBasisSize ¢ and maxPrevSize [. First we investi-
gate the effects of varying ¢ from 8 to 512 on the performance of TRPL+K (without
a preconditioner) and TRLan compared against unrestarted Lanczos, with | = 1
and p = 1. We choose three hard problems where the differences are pronounced.
Figure 5.2 shows that as the maximum basis size increases, both TRPL+K and TRLan
become similar to the unrestarted Lanczos. However, while TRLan requires the in-
creased basis to significantly improve convergence, TRPL+K achieves very good or
even close to optimal convergence with very small basis size. The slight increase
of matvecs in TRPL+K with very large basis sizes may be attributed to the more
targeted expansion of the subspace using the residual instead of the Lanczos vectors.

We then vary the number of previous vectors [ from 0 to 5 to study its impact
on the convergence of TRPL+K (without a preconditioner), seeking p = 5 smallest
eigenvalues. When [ = 0 and without preconditioning, TRPL+K reduces to TRLan.
Figure 5.3 shows the similar trend for all three cases: a significant reduction in matvecs
with [ = 1, while [ > 1 results in a slight deterioration in convergence. This is
qualitatively similar to earlier observations for GD+K, where [ > 1 is beneficial only
with a block method. This implies that we obtain all the benefits of the +K technique
with minimal overhead.

1138bus: seeking 1 smallest 108 or56f: seeking 1 smallest T seeking 1 smallest

Number of Matvecs
g

10° ; 10° ; 10°
10 10% 10° 10 10% 10° 10’ 10 10°
Varying maximum basis size Varying maximum basis size Varying maximum basis size

(a) 1138bus (b) orb6f (c¢) Trefethen_20k

F1a. 5.2. The effect of varying the mazimum basis size q on the convergence of TRPL+K and
TRLan. Seeking p = 1 smallest eigenvalue without preconditioning.

L 10° 1138bus: seeking 5 smallest L10° or56f: seeking 5 smallest 10° seeking 5 smallest

Number of Matvecs
Runtime (Second)

3 5

1 2 3 0 1 2
Varying number of previous vecto Varying number of previous vectors

1 2 3 4 5 o
Varying number of previous vectors

(a) 1138bus (b) or56f (c) Trefethen_20k

o

Fi1G. 5.3. The effect of varying the number of previous vectors l on the convergence of TRPL+K
when seeking p = 5 smallest eigenvalues without preconditioning.
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5.3. Without preconditioning. We compare against unrestarted Lanczos and
other methods without a preconditioner to show the near-optimal performance of
TRPL+K under limited memory. Figure 5.4 shows the results on the easy case
finan512 and on the hard case cfd1, seeking p = 1 eigenvalue. For both cases TRPL+K
and GD+K can achieve almost identical performance as unrestarted Lanczos, which
is consistent with Theorem 11. GD+K requires slightly fewer iterations because its
new directions come from the most recent RR over the entire space, although the cost
per iteration is higher. Compared to LOBPCG and EiglFP, TRPL+K is significantly
faster because it uses thick restarting and a Krylov subspace (compared to LOBPCG)
and because it uses thick and locally optimal restarting (compared to EigIFP). The
difference between TRPL+K and TRLan is relatively small for the easy case but
becomes significant with hard problems. Figure 5.5 shows similar results when com-
puting 5 eigenvalues. To make it easier to see, we only show graphs for TRPL+K,
GD+K, and TRLan. As before, TRPL+K and GD+K are competitive and both of
them substantially outperform the performance of TRLan.

Tables 5.2 and 5.3 summarize results from all methods seeking 1 and 5 eigenvalues,
respectively. TRPL+K converges faster than all other methods in terms of matrix-
vector products except for GD+K. In fact, the harder the problem the more significant

Matrix finan512: seek 1 smallest eigenvalue Matrix cfd1: seek 1 smallest eigenvalue

= Lanczos = Lanczos
——TRLan | 2 ——TRLan

=o=TRPL+K ==TRPL+K
102 ==GD+K ==GD+K

—=LOBPCG === OBPCG ||
10% EIGIFP EIGIFP

- [IAll*1e-14 -~ [IAI*1e-14)1

Residual norm
Residual norm
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Number of Matvecs Number of Matvecs

(a) Matrix finan512 (b) Matrix cfdl

Fic. 5.4. Compare all methods to the optimal convergence of unrestarted Lanczos when seeking
1 smallest eigenvalue without preconditioning.
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(a) Matrix finan512 (b) Matrix cfdl

Fic. 5.5. Compare TRPL+K and GD+K to the optimal convergence of unrestarted Lanczos
when seeking 5 smallest eigenvalue without preconditioning.
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TABLE 5.2
Comparing all methods for 1 smallest eigenvalue without preconditioning.

Method: TRPL+K TRLan GD+K LOBPCG EIGIFP
Matrix MV Sec MV Sec MV Sec MV Sec MV Sec
1138BUS 4778 0.9 48718 8.4 3662 1.8 15498 6.4 11107 1.2
orb6f 4908 20.2 64058 257.5 4024 21.5 20365 82.1 19117 72.3
Tre20k 2208 7.1 12718 36.4 2058 10.3 3482 8.6 3799 8.0
PlaAO 638 3.5 1168 5.5 556 6.4 1583 5.4 1207 3.9
cfdl 2358 21.7 13008 106.7 1970 44.9 5647  33.7 4807  29.5

finan512 358 6.0 428 7.3 322 6.7 1028 4.8 685 3.3

TABLE 5.3
Comparing all methods for 5 smallest eigenvalue without preconditioning.

Method: TRPL+K TRLan GD+K LOBPCG EIGIFP
Matrix MV Sec MV Sec MV Sec MV Sec MV Sec
1138BUS 26888 5.1 414518 74.9 21318 11.2 374915 56.1 68729 7.9
orb6f 13218 55.4 115098 507.7 11169 61.2 40940  65.5 68801 260.6
Tre20k 6158 18.1 23358 65.8 5520 35.4 14335  21.8 25277 55.0
PlaAO 1858 10.0 2728 12.7 1812 23.3 12545 22.1 4235 14.3
cfdl 8558 85.8 43648 386.6 7747 2125 70170 458.6 20993 132.3

finan512 1668 27.2 2838 44.3 1501 43.5 8830 35.2 3551 18.2

the gains. It is also interesting to observe the differences between the methods which
are due mainly to the use of different algorithmic components. Among them, the
locally optimal restarting has the biggest effect, followed by a larger Krylov space,
while a combination of all three components in TRPL+K (and GD+K) are clearly
the most beneficial while being computationally economical. Also, TRPL+K requires
about 20% more matrix-vector products than GD+K but it is 35% faster in runtime,
making it the method of choice when the matrix-vector operator is inexpensive. This is
because TRPL+K only needs to perform the RR procedure once every outer iteration
while GD+K needs to apply the RR procedure for every matrix-vector multiplication.

5.4. With preconditioning. The above results emphasize the need for pre-
conditioning, especially for problems with highly clustered eigenvalues. In this case
TRLan cannot be used. In our experiments, we use the MATLAB ILU factorization
on A with parameters ‘type=nofill’. We then compare TRPL+k against other
methods with the constructed preconditioner for finding 1 and 5 smallest eigenvalues.
The results are shown in Tables 5.4 and 5.5, respectively. TRPL+K is again the
fastest or close to the fastest method. We note that with a good preconditioner the
number of iterations decreases and thus the differences between methods are smaller.
We also note that the added cost of the preconditioner per iteration is similar to
having a more expensive operator which favors GD+K also in runtime.

TABLE 5.4
Comparing all methods for 1 smallest eigenvalue with preconditioning.

Method: TRPL+K GD+K LOBPCG EIGIFP
Matrix MV Sec MV Sec MV Sec MV Sec
1138BUS 328 0.2 174 0.2 474 0.3 397 0.2

or56f 158 1.5 81 0.8 335 2.7 325 2.7
Tre20k 38 0.2 17 0.1 10 0.1 55 0.3
cfdl 838 200 562 14.0 2519 26.5 1279 17.2

finan512 98 1.9 69 1.5 144 1.0 127 1.4
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TABLE 5.5
Comparing all methods for 5 smallest eigenvalues with preconditioning.
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Method: TRPL+K GD+K LOBPCG EIGIFP
Matrix MV Sec MV Sec MV Sec MV Sec
1138BUS 1128 0.3 779 0.5 2120 0.5 2795 0.7
orb6f 368 3.3 223 2.4 375 2.3 1175 10.1
Tre20k 118 0.7 45 0.4 115 0.3 203 1.0
cfdl 2598 67.1 1868 56.7 12900 89.7 5135 72.8
finan512 378 8.6 289 9.0 1225 5.2 779 8.5

TABLE 5.6

Properties of the test matrices for generalized eigenvalue problems.

Matrix Order nnz(A) Kk(A) Source
besstk23 3134 45178 6.9e+12 MM
bcsstm?23 3134 3134 9.4e4-08 MM
besstk24 3562 159910  6.3e+11 MM
bcsstm?24 3562 3562 1.8e+13 MM
bcsstk25 15439 252241  1.2e+13 MM
bcsstm25 15439 15439 6.0e+-09 MM

TABLE 5.7

Comparing all methods for computing 1,5, and 10 smallest eigenvalues with preconditioning
(numbers in parenthesis). Each pencil besstkmXY has matriz pairs (besstkXY, besstmXY), where
XY € {23,24,25}.

Method: TRPL+K LOBPCG EIGIFP
Matrix MV Sec MV Sec MV Sec
besstkm23(1) 60 0.1 134 0.2 127 0.2
besstkm?24(1) 29 0.1 55 0.1 73 0.2
besstkm?25(1) 2816 29.1 28355 178.9 9721 66.2
besstkm?23(5) 150 0.4 190 0.3 419 0.7
besstkm?24(5) 120 0.6 1020 3.6 257 0.8
besstkm25(5) 3830 39.6 39895 89.1 14423 97.6
besstkm?23(10) 210 0.4 240 0.2 820 1.0
besstkm?24(10) 210 0.9 270 0.6 496 1.4
besstkm25(10) 5120 52.9 45820 63.7 20494 141.7

5.5. Generalized eigenvalue problem. We perform some sample experiments
on generalized eigenvalue problems, comparing the proposed method against LOBPCG
and EigIFP. As shown in Table 5.6, the condition numbers of these problems are quite
large, making preconditioning necessary to accelerate the convergence. In this exper-
iment, we use incomplete LDL factorization [12] on A with droptol = le-6, 1e-8
for besstkm23 and besstkm24, respectively, and the MATLAB LDL factorization on
A with parameter THRESH = 0.5 for besstkm25. We then use the preconditioner to
find 1, 5, and 10 smallest eigenvalues. As shown in Table 5.7, TRPL+K significantly
outperforms other methods in terms of the number of matrix-vector operations for
these cases. Note that LOGPCG is quite efficient in terms of runtime, thanks to its
efficiently implemented block operations in MATLAB, especially for small matrices
that fit in cache. A block TRPL+K is also possible, which is left for future work.

6. Conclusions and future work. We presented a new near-optimal eigen-
method, thick-restart preconditioned Lanczos +K method (TRPL+K), which is based
on three key algorithmic components: thick restarting, locally optimal restarting, and
the ability to build a preconditioned Krylov space. We provided a proof of an asymp-
totic global quasi optimality of the proposed method and provided insights on the



TRPL+K: THICK-RESTART PRECONDITIONED LANCZOS+K A1033

near-optimal performance of a group of methods that employ locally optimal restart-
ing. Our extensive experiments demonstrate that TRPL+K either outperforms or
matches other state-of-the-art methods in terms of both number of matrix-vector
operations and computational time.

An interesting future direction is to extend this approach to the Lanczos bidiag-
onalization method for singular value problems.

Appendix A.

Proof of Lemma 3. By definition, the optimal step size a* is

(x + ap)T A(z + ap)
>0 (z + ap)TB(z + ap)’

(A1) o = argmin p(xz + ap) = arg mln
a>0

which can be found by letting %% p(x 4+ ap) = 0. Using the quotient rule for differ-
entiation, with some algebraic work, we have

d plz+ap) _ a(z,p)a® +b(z, p)a+ c(z,p)
da 2 [(z + ap)TB(x + ap)]?

(A.2)

where a(x, p), b(z,p), and ¢(z, p) are given in (4.12). For the sake of simplicity, we refer

to these coefficients as a, b, and c, respectively, when there is no danger of confusion.

Depending on the sign of a, there are three cases for the solutions of % plx+ap) =0:
1. a = 0. Obviously, there is a unique solution a* = —7 > 0

2. a > 0. Since ¢ < 0, there is a unique positive root o* = 5~ (—b+ v/b% — 4ac).
By assumption, b > [[z[|%[|pl|36 > 0, and |e| < ||$HB||p||||AfE* p(z)Bz|| =
O(sin 0) for sufficiently small . By the Taylor expansion of v/1 — ¢ for |t| < 1,

1 4ac c ac  2a2c?
I l1-—|=—(14+=+—+--
o 2a< b+ b4/ b2> b( +b2+ b + ),

which is slightly smaller than a* in case 1 because a > 0 and ¢ < 0.
3. a < 0. In this case, there must be two distinct solutions 0 < o] < a3 such
that %p(x +ap) <0 for 0 < a<ajora>aj, and f-p(z+ ap) > 0 for
o] < a < as. Infact, if there is no solution or only one repeated solution, then
A p(z+ ap) <0 for all a > 0, and hence p(p) = lima— 400 p(z + ap) < p(z),
contradicting our assumption that p(p) — p(z) > § > 0. Given these intervals
of monotonicity, p(z + ap) > lim,— 100 p( + ap) = p(p) > p(x) + §. Hence
the minimizer of p(x + ap) is achieved at o] with the same expression as in
case 2. The optimal step size is slightly greater than a* = —¢/b in case 1 as

a,c < 0. We still refer to a as o* for notation consistency.

In summary, p(x + ap) decreases monotonically on (0,«*), then increases on
(a*,+00) (cases 1 and 2) or on (a*, a3) (case 3). The optimal o* has a closed form.O

Proof of Lemma 4. We note that the denominator of % p(x + ap), namely, (x +
ap)TB(x + ap) = |pl|3a? + 2pT Bza + ||z||4 > 0 for all , and it is a quadratic
with positive quadratic term coefficient. Hence, maxo<a<q- (x + ap)TB(x + ap) =
MaXa (0 e} (2 + ap)TB(z + ap) = max{ 2]}, |z + a*pl3}, where a® = —¢ or

(I + 5 + ...); see Lemma 3. For sufficiently small § = Z(x,v1)p, since |c| <

(’)(sin 0), there is a small constant 7 € (0, 1) independent of 6, such that
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ac® + ba + ¢
o
x + ap)TB(z + ap)

p(:r+a*p)—p(x)=/oa Cl(ip(erap)da:/Oa (

1 o La(a*)3 + Lo(a*)2 + ca*
< 3 — / (aa2+ba+c)da:3( ) 22( )* 3
max{||z[|%, [z + a*pl3} Jo max{||z[|5, |z + a*pl|5}
2 3
_ -5 -2 +0(cY) B (1 —n)
max{||z|%, |z + e*pl3} = 2bmax{||z|%, [z + a*pl%}

where b > ||z]|%]|p[| %9 > 0 is bounded away from zero; see (4.12).

To establish the lower bound, note that our assumption that p(p) — p(z) > J > 0
for a constant ¢ independent of §# = Z(z,v1)p means that there exists a 5 >0
independent of 6, such that Z(p,x) > 0. Therefore, ||z + a*p|| 5 is bounded away from
zero. Similarly, for sufficiently small 6, we also have

1 o
(A.3) plx + a™p) — p(x) > — . / (aa® + ba + c)da
min{|lz|%, [z + a*pli} Jo
2 3
_ —5 — %+ 0(ch) B A(1+n)
min{[lz|%, |+ opllp} = min{|lz(l, o+ aplF}
where ¢ = ||z|%4p” (Az — p(z)Bz) = O(sin0)O( cos Z(p, Vp(z))) from (4.12). O

Proof of Lemma 5. First, note that one can always choose f;i,v;x > 0 in (4.13).
If a decomposition has negative ;5 or v;x, simply replace z; with —x; or g;; with
—Y9jk-

Given the decomposition (4.13), the normalization condition ||z|z = 1 leads to

lexllB = (Bjkas + vngin)" B(Biww; + Vingjn)
(A4) = [lz; B85 + 2097, Bei)vinBik + 93k B0k = Bir + 205m7ikBik + Vi
= (Vik + eBie)” + (1 — pu3y) By = 1,
where 5 = gf, Bx; = (25, 956) 5 € [~1,1] because |z;]|p = [lg;r]5 = 1.

Let r; = Axz; — p(z;)Bx; be the eigenresidual associated with x;, and define
djr = p(g;x) — p(z;). The Rayleigh quotient of z, is therefore

x¥ Az,

(A.5) p(ar) = =2} Az, = (Bjrz; + virgik) T ABjrz + Vigik)

z} Bxy,

(z] Ax;) B3, + 2(9,,A25)vikBik + (96 AGjk) Vo

= p(x;) B85, + 2095 (rj + p(x;) Bx;) v Bik + p(g6) 5, (as Azj =r; + p(x;)Bx;)
= p(2;) B3, + 2p(x;) (9, B;)vinBik + 2(9,5m)vikBik + (p(x;) + djr)Vix

= p(x;) (B3 + 25038 Bik + Vir) + 209567 vk Bik + iV

= p(a;) + 2(g/5m)VkBik + dix Vi (see (A.4))

or, equivalently,
2(g5r)7ikBsk + djeie = plax) = p(z;) = (pzr) = M) = (p(z5) = M) -
Using Assumption 4.3, it follows that

—(1 =& (p(x;) — A1) < 2(g55m)ikBik + djprie < —(1 = E77)(p(;) — A).
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From (4.4), we divide the above inequality by sin? 0; and have

(A.6) —(1=&")(p(f;) = M) < 2@ ( ik )ﬁjk + dji, < i >2

sinf; \ sinf; sin 6
< —(1 =) 0(fi) = M),

Note that the left-hand side and the right-hand side of the above inequality are both
on the order of O(1), bounded away from zero and independent of §;. Also note that

T
il < ol < (14 6) | g;u || AS; — p(a) Bl = O(1) from (4.5). Tn addition,
since g;i € span{p;_1,9;,...,9k—1} C Wy, under Assumption 4.4, there is a d > 0
such that d;, = p(g;x) —p(x;) > d > 0forall 1 <j < k. Consequently, letting ; — 0
in (A.6), we have v;; = O(sin6;).?

From (A.4), B, can be written in terms of ;5 as

1
(A7) Bi = =ik + /1 =V + 1575 = 1= mievan — 5 (1= #5075 + O(¥),

which completes the proof. 0

Proof of Theorem 6. Since y = Byxo + Y49y, 9y € Wi, |yl = llgyllz = 1, and
p(y) < p(zo), from Lemma 5, we have v, = O(sinfy) and |1 — 5,| = O(sinb).
Similarly, the iterate x = BorZo + Yorgor satisfies vor = O(sinbp) and |1 — Bog| =
O(sinfy). Note that ||ro| = O(sinfy), 0 < p(x0) — p(y) < plxe) — M1 = O(sin® by),
and, similarly, 0 < p(z0) — p(zx) < O(sin? 6y). It follows that

(A.8)  (A—p(y)B)y — (A — p(zk)B)zy
= (A — p(x0) B)(Byzo + 1y 9y) — (A — p(x0) B)(Bokzo + Yok gok)
+ (p(xo) = p(y)) By — (p(x0) — p(ar)) Brk
= (By — Bor) (A — p(x0) B)zo + (A — p(20) B) (1 9y — Yorgor) + O(sin” 6y)
=[(By = 1)+ (1 = Bor)| ro + (A — p(zk) B) (V4 9y — Yorgok)
+ (p(x1) — p(x0)) B(yygy — Yorgor) + O(sin”® 6)
= 190(sin 0) + vy (A — p(z) B) gy — Yor (A — p(zr) B)gor + O(sin® 6) + O(sin? )
= 7y(A = p(x) B)gy — Yok (A — p(2x) B)gor + O(sin® by).
By assumption, gy, gor € Wi = span{po,...,pr—1} are approximately conjugate

to p, such that pl (A — p(zx)B)g, = O(sinfy) and pl (A — p(zx)B)gor = O(sinbp),
since sin @y = O(sinfy) for 1 < ¢ <k — 1, due to (4.9). It follows from (A.8) that

pi (A= p(y)B)y — (A — p(ar) B)zs]
= yypi (A — p(z1) B)gy — yorpi (A — p(x) B)gor + O(sin” fp)
= 7,0(sin ) — y0rO(sin 6) + O(sin? ) = O(sin 63),

which is a crucial observation for the rest of the proof, or equivalently,
(A9) pi (A= p(y)B)y = pi (A — p(xx) B)zxy, + O(sin” y).

In addition, note that xzx —y = (Box — By)xo + (Yorgor — VYygy) = xoO(sinby) +
90k O(sinby) — g,O(sinby) = O(sinbp), and hence By = By, + O(sinby).

2We emphasize here that v, # o(sin;) and hence 7, can be safely replaced with O(sin6;)
anywhere appropriate.
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Let R3(p(x), ap) = 3p(z+ap) — [5p(x) + ap" Vip(z) + 502pT V23 p(x)p] be the
remainder of second order Taylor expansion of 1p(z+ap) at z with ||z||p = 1. Then,

(A.10)
%p(z) = %p(y + apr) = %P(y) + apfévp(y) + %a%févgp(y)pk + R3(p(y), api)
= %p(y) +ap (A—ply)B)y + %anf [(A = p(y)B) — 2(Ay — p(y) By)(By)"
— 2By(Ay — p(y)By)" |pk + Rs(p(y), apr)

= 2p(v) +a [pF (A = p(zi) Bl + OGsin® 60)] + 5o {pT (A~ p(ar) B) + (p(a) — () Bl o

— 2 [p{(A — p(zr)B)xy + O(sin? 00)} (2L B + O(sin 60)]pk

= 2p] [Ba + O(sin 60)] [#] (A = p(ar) B)pr + Osin® 00)] } + Ra(p(y), apx) (see (A.9))
= 5P) + vl S V(@) + a0(sin® 00) + LT {(A — (i) B) — 20 (Ba)T — 2(Bai)rf Jo

+ o [O(sin® 60) + i | O(sin 60) | + Ra(p(v), api)

1 1 1 1
= 5PW) + ap 5 Volar) + 50%p 5 V2 p(ar)p + aO(sin® 60) + a”O(sin® 0o) + Rs(p(y), apr)

1 1 1 1
= 5p(xk) +apg 5 Veer) + 5a’py SV p(@k)pr + Ra(p(ox), ap)
1
> (P(y) — p(zk)) — Rs(p(xn), api) + O(asin® 6p) + O(a” sin® 80) + Ra(p(y), opk)

fp(xk + apr) + = (p(y) — p(zr)) + Rs(p(y), apr) — Ra(p(ax), api) + O(asin® 6) + O(a” sin? 6p).

Let the global minimizer in Ugy1 be z* = y(2*) + a(z*)pr with y(z*) € U
and |ly(z*)||p = 1. We note that y(z*) is generally not the global minimizer in Uy.
Consider the decomposition y(2*) = v1 €08 Oy .y 4 fy(z+) sinOy(.+y with fy.«y L Bu
and || fy(z+) (y(2*)) = A1 = O(sin® ,,(,+). Here, a(z*) is the optimal
step size moving from y(z*) in the direction of pi, due to the global optimality of z*
in Ug41. It follows from Lemma 4 that

p(2*) = p(y(2")) < —O(sin® by (--))O (cos” Z(pk, Vo(y(2")))) ,

where the coefficient of the sin? 0 (=) term depends on the quantities b and ¢ defined
in (4.12) involving the search direction pg. On the other hand, as z* is the global
minimizer in Ug1, we have

(A.11) p(2*) = M < p(xhg1) — M = O(sin® Oy 11).

Meanwhile, by Lemma 4, we also have

(A12)  p(z") = A = [p(z") — p(y(z")] + [p(y(z")) — M]
= —O(sin® O (,-)) O (cos® Z(pk, Vp(y(z*)))) + O(sin® b)) = O(sin® O, (,+)).

It follows that

(A.13) sin @, .-y < O(sin g 41).
Given z* = y(2*) + a(z*)px, it follows from the triangle inequality that
(A.14) 128 < (=)l 8 + la(z")llprllz = 1+ [a(2")]-
Meanwhile, the B-normalized z* is =Ts HB = my(z*) + %pk, and we can follow

the proof of Lemma 5 to show that ‘”a(fu | — O(sin Oy(z+)) < O(sin b 1) due to (A.13).

From (A.14), 1+|((1(Z)*‘)\ < l"llz(fﬂ*;‘ < O(sinf41), ie., |a(z*)] < O(sinbg41).
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Let o} be the minimizer of p(zr + api) and y* be the global minimizer in Uy
(note that af # «(z*) and y* # y(z*)), which contains all vectors of the form y =
Byxo + 19y with [lylls = llgyllp = 1, gy € Wi, and p(y) < p(xo). Let z = 2* =
y(z*)+a(z*)pk, y = y(z*), and o = a(z*) in (A.10), and note that p(xg +a(z ) k) >
p(zr + a*pi) and p(y(z*)) > p(y*). Therefore, we have

(A15) 2p(=") = g plan+a(=")pe) + 3 (p(w(=")) — p(ax)) + Bs (pu(=")), a=")pi)
— Rs (p(xk), a(z")pr) + O(a(z *)sm 0o) + O(af )2 sin” 6p)
> 2 plai+ o) + 3 (") — o) + R (p(u(=) ("))
) (

— Rs (p(x1), a(z")pr) + O(a(z*) sin? fy) + O(a(z*)? sin’ by)

> o) + 3 (") — plai)) + Olsin B )0 ). (Jo(=")] < O(sin ).

In the last step above, p(xy + a*pr) > p(xk+1) because g1 is the minimizer over
span{xg, gk, Pk—1}, whereas py € span{gx, pr—1}. Equivalently,

plrsr) — p(=*) < plar) — p(y") + Ofsin ) O(sin® o). 0

V

ph_1(A—p(zr—1)B)gk
pr_ (A—p(2k—1)B)pr—1

Proof of Lemma 7. Recall that py, = g — pr—1- Therefore

Pi—1(A — p(zk—1)B)pr

T
7 Py_1(A=p(xp_1)B)gr, T _
= Pr-1(A — p(xk-1)B)gr — ka,,l(Afp(qu)B)pkqpk*l(A — p(zr-1)B)pe—1 = 0,

and hence p}_; (A — p(zr—1)B)pr, = 0. Note that p(zx_1) — p(zx) = (p(Tk-1) — A1) —

(plxr) — M) < (1 —=&) (p(zp_1) — A1) = O(sin? f_1), and it follows that

Ph_1(A = p(zx)B)pr = pi_1 (A — p(xr—1) B)pr + (p(xr—1) — p(ax)) pi— Bk
= (p(xr-1) — p(zk)) (Pr—1,Pk)B = (9(sin2 Or—-1). ]

Proof of Lemma 8. At step 2 of Algorithm 2, x5 is extracted from span{z1, g1,p0},
where pg = go = Mdy up to a scaling factor. By the local optimality,

(A.16) ro L go and ro L g;. O

At step 3, we form span{za, g2, p1} to extract x3 and ps. At step 7 of Algorithm 2, po =
g2 — %ph which shows that ||p2|| is proportional to ||g2|| and independent
of the scaling of p;. Hence, the normalized search direction py can be written as
b2 = 7”Zz\|ibv2a where 75 is chosen such that ||pz]|g = 1. From Lemma 5, we have

x1 = Bo1xo + Yo1Po, i-€., po = 701( Bo1zo + x1), where 91 = O(sinfy). Therefore

PE(A=plao) B)g2 = — [~Borad (A~ plwo)B) + 2T (A — p(an) B) + (pl1) ~ o) 7 B g2

7Yo1
- 1 — i) — -2
= A =P g, L (o o) go = P Z A =) 2 ),
o1 o1 7Yo1
1
o (BT ML (A = p2BYM) a4 T Mp[L L (A = p2B)M) )
01
O(sin? 6p)

_ T Ly s T (0 _ -
= B Bgz—l—%l{ Borrd (p0Ly (M(A = poB)) M + O(siny)) 2

+ri (pﬁ,ll) 1 (M(A=p1B)) M + (’)(sin@l)) 7“2}.
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Since M, A, and B are all real symmetric, so is p( ) 1 (M(A — ppB)) M. Therefore,
Tkpgi) L (M(A = pB)) M = g}, and hence

o (A — p(x0)B)ga
. 1 . .
= a:lTBgQO(sm 0o) + T{ — ,301ggT2 + 7"0Tr2(9(sm 0o) + ngrz + rlTTQO(sm 91)}
01

. 1
= ||g2[|O(sin 6o) + O(sinbo)

= ||g2/|O(sin 6o) + ||72]|O(sin ),  (note that ||r1] = O(sin 1) = O(sin by)),

{rgrzo(sin 0o) + r{rz(’)(sin 91)}

where we use 72 L go and 72 L g; from (A.16). This shows that pi (A — p(x¢)B)ga <
O(sinfp). Also, since pl' (A — p(zg)B)go is proportional to ||ga||, we simply have
Pt (A — p(x9)B)ga = ||g2/|O(sinbp). Therefore, by Lemma 7,

pA (A = p(0)B)ps = pd (A — p(x0)B) 2 |

llg |
—T(A - oz n2 2_PlT(A p(@)Blg:
=po (A= pw0) Bl {9 PTA— pla >B>p1p}
" )T _pf(A p(x1)B)g2 [ T ~ o(z
= ool {Po (A — p(w0)B)g2 oA = () Bopr [po (A—p( O)B)pl]}

= ﬁ (Ilg2/|O(sin 6o) + l|g2||O(sin® 00)) = O(sin o).

Similarly, using a slightly different shift in the above relation, we have

(A7) p3(A—p(x2)B)po = poT(A — p(x0) B)p2 + (p(x0) — p(x2)) pj Bpe
= O(sinfo) + ((P(JCO) A1) = (p(x2) — A1) (po, p2) B
= O(sinfy) + ((’) sin? 0) O(sin2 92)) (po, p2)B = O(sinbp).

Proof of Lemma 9. The proof is done by contradiction. Assume that limg,_,o cos
Z(r, Wi) exists but is not zero. Then there is a vector u € Uy, such that limg, ¢ cos
Z(rg,u) =8 <0, ie., uis a descent direction at x. We have shown in Lemma 4 that

p(xk + o u) — p(xi) < —O(sin® 0)O (cos® Z(u,ri)) = —O(sin® ;).

Since y* is the global minimizer in Uy, and z,+a*u € Uy, p(y*) < p(zr+a*u) < p(zg).
As a result, we have

_ * _ * a2
plaw) —p(7) o g Plak) — plak +omu) O(an2 Or) _ on),
60—0 p(xk) -\ 0o—0 p(xk) -\ 6o—0 O(Sln Qk)

meaning that xj does not satisfy the global quasi optimality condition. 0
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